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Adding excitations on a coherent state provides an effective way to observe nonclassical properties of ra-
diation fields. Here we describe and analyse how to apply this concept to the motional state of a mechanical
oscillator and present a full scheme to prepare non-Gaussian phonon-added coherent states of the mechani-
cal motion in cavity optomechanics. We first generate a mechanical coherent state using electromagnetically
induced transparency. We then add a single phonon onto the coherent state via optomechanical parametric
down-conversion combined with single photon detection. We validate this single-phonon-added coherent state
by using a red-detuned beam and reading out the state of the optical output field. This approach allows us to
verify nonclassical properties of the phonon state, such as sub-Poissonian character and quadrature squeezing.
We further show that our scheme can be directly implemented using existing devices, and is generic in nature
and hence applicable to a variety of systems in opto- and electromechanics.
The realization of nonclassical states of light has opened
up the possibility of using quantum optics for a variety of ap-
plications in quantum sensing [1–3], and quantum informa-
tion science [4, 5], as well as for extremely sensitive mea-
surements [6]. Optomechanical systems on the other hand of-
fer an exciting opportunity to study quantum states of macro-
scopic systems [7]. Considerable progress has been made in
controlling these massive systems down to the quantum level.
Recent breakthroughs include optomechanical squeezing of
light [8, 9] and of mechanical motion [10, 11], quantum entan-
glement between mechanics and a cavity field [12, 13], as well
as between two mechanical oscillators [14, 15], and nonclas-
sical photon-phonon correlations by measuring the second-
order cross-correlation g(2) [16].
Recent interest has focused on generating non-Gaussian
states of mechanical systems, e.g., preparing the mechanical
oscillator in a single-phonon Fock state. Following several
theory proposals [13, 17], this has been realized by exploiting
the optomechanical parametric down-conversion combined
with single photon detection [18] in close analogy to early
quantum optics experiments. It could also be generated by
transferring the single-photon state from an optical field to
a mechanical resonator (MR) [19]. Alternative ways to cre-
ate non-Gaussian states of a mechanical system include ex-
ploiting the intrinsic nonlinearity of the optomechanical in-
teraction [20], or by making measurements on the optical
field [21]. The preparation of such nonclassical states of a
massive object is important in connection with the studies of
quantum effects at the macroscopic scale [22, 23]. There are
many other non-Gaussian states, such as quantum superposi-
tion states [24], and excitation-added/subtracted coherent and
squeezed states [25–27]. The addition of excitations on a co-
herent state, for example, provides a way to observe quan-
tum effects of a radiation field, such as quadrature squeez-
ing, sub-Poissonian character, and negative Wigner distribu-
tions [26]. Single-photon-added coherent states of light have
been generated using parametric down-conversion in a nonlin-
ear crystal in combination with single photon detection [28].
In this paper, we apply this concept to the motional state of
a mechanical oscillator. Specifically, we work on cavity op-
tomechanics [7] and provide a full scheme to generate and
detect single-phonon-added coherent states (PACS) of me-
chanical motion [25]. As a first step, we prepare the MR
in a coherent state using electromagnetically induced trans-
parency [29], or equivalently optomechanically induced trans-
parency (OMIT) [30], where the cavity is bichromatically
driven by a strong red-detuned field and a much weaker field
on cavity resonance. The former can also help cool the me-
chanical motion close to its quantum ground state [31, 32],
and the latter is used to displace the ground state in phase
space to a coherent state. We then add a single phonon
onto the coherent state via optomechanical parametric down-
conversion combined with single photon detection. This can
be realized by sending a weak blue-detuned laser pulse into
the optomechanical cavity. Finally we confirm the generated
phonon state by using a relatively strong red-detuned pulse
which realizes a state swap operation between the MR and
the light pulse. We then measure the Mandel Q parame-
ter of the cavity output field, confirming the sub-Poissonian
character of the mechanical state. Alternatively, homodyning
the cavity output and measuring the variance of the quadra-
ture can be used to detect squeezing of the mechanical state.
Lastly, we analyse the effects of residual thermal excitations in
the coherent-state-preparation stage on the results of the ideal
case where the mechanical motion is cooled exactly into its
quantum ground state (mean phonon number n¯0 = 0).
Preparing mechanical coherent states. We consider an op-
tical cavity mode with resonance frequency ωc and annihila-
tion (creation) operator a (a†) ([a, a†] = 1) coupled to a MR
with frequencies ωm via radiation pressure, as depicted in
Fig. 1 (a). The cavity mode is bichromatically driven by a
strong red-detuned field at ωl 'ωc −ωm and a much weaker
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2field on cavity resonance ωp 'ωc. The Hamiltonian of the
system reads
H = ~ωca†a +
1
2
~ωm(q2 + p2) − ~ga†aq
+ i~[(E0e−iωlt + E1e−iωpt)a† − h.c.].
(1)
Here, q and p are the dimensionless position and momen-
tum quadratures of the MR satisfying the commutation rela-
tion [q, p] = i. g is the single-photon optomechanical coupling
rate. E0 and E1 are respectively related to the power of the
driving fields P0 and P1 (P1  P0) by |E0|2 = 2κP0/~ωl and
|E1|2 = 2κP1/~ωp, where κ is the cavity decay rate. Such
a system has been employed for the study of OMIT in cav-
ity optomechanics [29, 30]. Instead of looking at the mean
field response of the system to the probe field, we focus on the
mechanical part here and include quantum fluctuations. The
mechanical motion can be cooled close to its quantum ground
state (n¯0  1) provided that the system is working in the re-
solved sideband limit and has a large cooperativity [31, 32].
We work in this deep cooling regime and show that by includ-
ing a weak “probe” field, the MR can be prepared in a coherent
state, where the averages of the mechanical quadratures show
periodic behaviors [33], while the fluctuations almost remain
unchanged. This can easily be understood: the red-detuned
strong light beam realizes an effective beamsplitter interac-
tion which maps the coherent state of the weak field on cavity
resonance onto the mechanical state [34].
By taking average values and using the factorization 〈AB〉 '
〈A〉〈B〉 (A and B are arbitrary system operators), we obtain the
Langevin equations responsible for the first moments, which
in the reference frame rotating at ωl are
〈q˙〉 = ωm〈p〉, 〈 p˙〉 = −ωm〈q〉 − γ〈p〉 + g〈a†〉〈a〉,
〈a˙〉 = −(κ + i∆0)〈a〉 + ig〈a〉〈q〉 + E0 + E1e−iδt,
(2)
where γ denotes the mechanical damping rate, and ∆0=ωc−ωl
and δ=ωp−ωl. In the long time limit, t  γ−1, all average
values have the form 〈O〉= ∑+∞n=−∞ e−inδt〈O〉n (O = q, p, a) [1],
(a) (b)
FIG. 1: (a) Sketch of the generic system for preparing coherent states
of the mechanical motion. (b) Pulse sequence of the scheme. Two
laser pulses of duration τc are used to generate a mechanical coherent
state. Once the MR is prepared in a desired state, the two lasers are
switched off and after some time κ−1  τpd  γ−1, during which all
cavity photons decay, while the mechanical state remains unchanged,
a write pulse is sent. This blue-detuned pulse of duration τb prepares
the MR in a single-PACS provided that a single photon is detected
in the interval τd. The red-detuned readout pulse of duration τr then
transfers the mechanical state to the cavity output field for subsequent
measurements. In order to neglect mechanical damping, τpd + τb +
τd + τr  γ−1 is assumed.
where 〈O〉n are time independent. The substitution of 〈O〉 in
Eq. (2) yields an hierarchy of coupled equations. Neverthe-
less, by assuming a weak “probe” field |E1| |E0|, one can
terminate the series in 〈O〉 at n = 1. Substituting the truncated
series of 〈O〉 in Eq. (2) and equating the coefficients of differ-
ent Fourier components, simple approximated solutions of the
averages can be obtained [35]: 〈a〉 ' 〈a〉0 + 〈a〉1e−iωmt for the
cavity field, where 〈a〉0 ' E0κ+iωm , 〈a〉1 ' E1κ+ g2γ |〈a〉0 |2 , and
〈q〉 = 〈q〉0 + 2Re〈q〉1 cosωmt + 2Im〈q〉1 sinωmt,
〈p〉 = 2Re〈p〉1 cosωmt + 2Im〈p〉1 sinωmt (3)
for the mechanical mode, 〈q〉0 ' gωm (|〈a〉0|2+|〈a〉1|2), 〈q〉1 '
ig
γ
〈a〉∗0〈a〉1, and 〈p〉1 =−i〈q〉1. We have taken δ=ωm and effec-
tive detuning ∆≡∆0 − g〈q〉0 =ωm κ, which means that the
frequency component atωl+ωm is resonantly enhanced, while
the component at ωl − ωm is significantly suppressed, leading
to the fact that 〈a〉−1〈a〉1. We can therefore safely neglect
this frequency component in the cavity field 〈a〉. We have also
assumed G21/κγ  1 (G1 = g〈a〉1) in deriving 〈a〉0, implying
that a sufficiently weak “probe” field is used. The expres-
sion of 〈a〉1 ' E1κC0 for a large cooperativity C0 = G20/κγ  1
(G0 = g〈a〉0) indicates the OMIT effect: the amplitude of the
frequency component ωp =ωc becomes very small when the
red-detuned pump is strong enough.
Apart from nonzero first moments, a coherent state implies
that the quantum fluctuations must be as (or very close to)
those of the vacuum state. We therefore turn to the quantum
dynamics by writing any operator as O(t) = 〈O〉(t) + δO(t).
We assume that |〈a〉|  1, allowing us to safely neglect sec-
ond order terms in the expansion of each O(t). The linearized
quantum Langevin equations (QLEs) describing the quantum
fluctuations (δq, δp, δx, δy), with δx = (δa + δa†)/
√
2 and
δy = i(δa†−δa)/√2, are given by
δq˙ = ωmδp,
δ p˙ = −ωmδq − γδp +
√
2
∑
n=0,1
e−inωmt
(
Gxnδx + G
y
nδy
)
+ ξ,
δx˙ = −κδx + ∆δy −√2
∑
n=0,1
e−inωmtGynδq +
√
2κxin,
δy˙ = −κδy − ∆δx +√2
∑
n=0,1
e−inωmtGxnδq +
√
2κyin,
(4)
where we have defined Gxn = Re Gn and G
y
n = Im Gn (n = 0, 1),
and assumed time-dependent detuning ∆˜ = ∆0 − g〈q〉 ' ∆,
which is a good approximation when |E1|  |E0|. ξ and xin, yin
are input noise operators for the mechanical and cavity mode,
respectively, which are zero mean and characterized by the
correlation functions: 〈ξ(t)ξ(t′)+ξ(t′)ξ(t)〉/2' γ(2n¯+1)δ(t−t′)
(in the Markovian approximation valid in current experimen-
tal regime, and n¯ =
[
exp
( ~ωm
kBT
)−1]−1 is the mean thermal
phonon number), and 〈xin(t)xin(t′)〉= 〈yin(t)yin(t′)〉= 12δ(t− t′).
The correlators are different because the way quantum noise
affects the field in cavity and the MR. The vacuum noise en-
ters the cavity and thus it gets directly added to the field mode.
3For the MR the Brownian noise acts on a massive system, i.e.,
it acts like a force and thus affects the momentum of the MR.
The QLEs (4) can be conveniently solved in the frequency do-
main [35], and analytical expressions of 〈δq2〉 and 〈δp2〉 can
be achieved, which are, however, too lengthy to be reported
here. Nevertheless, we find numerically that the “probe” field
has a negligible effect on the fluctuations 〈δq2〉 and 〈δp2〉 pro-
vided that |E1| |E0| [35]. Adopting the parameters from a
recent experiment [18]: ωm/2pi= 5.25 GHz, γ=ωm/3.8×105,
κ/2pi= 846 MHz, g/2pi=
√
2× 869 KHz, and considering rel-
atively higher temperatures T = 1 K (10 K), corresponding to
n¯ = 3.49 (39.19), we obtain 〈δq2〉 ' 0.5139 (0.5887) + δq2(t),
and 〈δp2〉 ' 0.5138 (0.5886)+δp2(t) for pump powers P0 = 50
µW and P1 = 0.5 µW (which gives |E1/E0|= 0.1 1), where
δq2(t) and δp2(t) are fluctuation modulation terms due to the
weak “probe” field. These modulation terms are negligible
with respect to 〈δq2〉 ' 0.5139 (0.5887) and 〈δp2〉 ' 0.5138
(0.5886) (corresponding to n¯0 = 0.0138 (0.0886)) when the
“probe” field is absent [35], and thus the MR is prepared ap-
proximately in a coherent state. This directly follows from the
linearity of Eq. (4).
Adding a phonon onto coherent states. Once the MR is pre-
pared in the desired coherent state, we switch off the pump and
“probe” fields. After a time κ−1 τpd γ−1 (see Fig. 1 (b)),
all cavity photons decay and the mechanical state remains ef-
fectively unchanged. The system is then in the state |0〉c|β〉m,
where |β| =√2|〈q〉1| '
√
2ωmE1g E0 , when κωm and C0 1. Us-
ing the parameters of Ref. [18] and taking P0 = 0.2 mW, 5.4
pW< P1 < 48 pW corresponds to a coherent state with ampli-
tude 1< |β|<3, where, as we will show later, the mechanical
squeezing is most notable. Note that, in practice, the MR is
prepared in a thermal coherent state (e.g., due to the absorp-
tion heating) with thermal phonon occupancy n¯0  1. We
shall first consider the case of n¯0 = 0 and then study the effect
of the residual excitations on the results of this idealized case.
Adding a single phonon onto a coherent state can be
implemented by sending a weak blue-detuned write pulse
at ωb ' ωc + ωm, which yields the effective Hamilto-
nian Hb = ~Gb(a†b† + ab) [35], where b = (q + ip)/
√
2,
Gb = g
√
nb/2 is the effective optomechanical coupling rate,
and nb = 2κPb/
[
~ωb(κ2+ω2m)
]
is the intracavity photon number
(Pb is the power of the pulse). To simplify the model, we con-
sider flat-top pulses. This Hamiltonian generates a two-mode
squeezing interaction (with a small squeezing parameter since
Gbτb is assumed to be small. τb is the pulse duration). The
state of the system after the pulse can be approximated as
|φ〉 ≈ (1 + Pa†b†) |0〉c|β〉m = |0〉c|β〉m + P|1〉c(b†|β〉m), (5)
where |P| = Gbτb  1. The MR is conditionally prepared
in a single-PACS b†|β〉m if a single photon is detected.
In what follows, we derive the exact solution of the sys-
tem state after applying the write pulse. We consider the
pulse duration to be much shorter than the mechanical
decoherence time τb  γ−1, such that the decay of me-
chanical energy can be neglected. This leads to the QLEs
during the write pulse: δa˙ = −κδa + iGbδb† +
√
2κain,
and δb˙ = iGbδa† [35]. We consider also a weak coupling
Gb  κ, allowing for adiabatic elimination of the cavity
mode, and we thus have δa ' κ−1(iGbδb† + √2κain). Using
the standard input-output formula [36]: aout =
√
2κδa − ain,
we obtain aout = i
√
2Gbb† + ain, and b˙ =Gbb + i
√
2Gbain†,
where Gb ≡ G2b/κ. We introduce the temporal modes
for the cavity driven by the write pulse of duration τb,
Ain(out)(τb) =
[± 2Gb/ (1− e∓2Gbτb)]1/2 ∫ τb0 e∓Gb sain(out)(s) ds
([A j, A j†] = 1, j = {in, out}) [13]. This leads to the
expressions Aout(τb) = eGbτb Ain(τb) + i
√
e2Gbτb − 1b†(0),
and b(τb) = eGbτb b(0) + i
√
e2Gbτb − 1Ain†(τb). A prop-
agator U(τb) that satisfies Aout(τb) = U† Ain(τb) U
and b(τb) = U† b(0) U can be extracted, U(τb) =
ei
√
1−Z(τb)2Ain†b†Z(τb)1+A
in†Ain+b†be−i
√
1−Z(τb)2Ainb [17], where
Z(τb) = e−Gbτb (0 < Z ≤ 1). For an initial state |0〉c|β〉m, the
system, at the end of the pulse, is prepared in the state
|φ(τb)〉 = Z e− |β|
2
2 (1−Z2)
∞∑
n=0
in
(
1 − Z2) n2
n!
(
Ain†b†
)n|0〉c|Zβ〉m
≈ Z e− |β|
2
2 (1−Z2)
[
|0〉c|Zβ〉m + i
√
1−Z2 |1〉c b†|Zβ〉m
]
.
(6)
For taking “≈” in Eq. (6), we have assumed 1 − Z(τb)2  1
(Gbτb  1), i.e., the probability of generating a photon-
phonon pair is sufficiently low, such that the possibility of gen-
erating more than one photon-phonon pair is negligible. The
MR is then prepared with a high probability in a single-PACS
b†|Zβ〉m, with a slightly reduced amplitude |β| → |β|e−Gbτb ,
provided that a single photon is detected on cavity reso-
nance. This probability can be as high as 98.8% in the ex-
periment [18]. This is similar to the proposals [17, 37] and
experiments [18, 28] for preparing single photon and single
phonon states.
Readout of PACS. The phonon state can be read out by
sending a red-detuned laser pulse at ωr ' ωc − ωm, which
yields the effective Hamiltonian Hr = ~Gr(a†b + ab†) [35],
with the effective coupling rate Gr = g
√
nr/2, and the intra-
cavity photon number nr = 2κPr/
[
~ωr(κ2+ω2m)
]
(Pr being the
power of the pulse). Again, we assume τr  γ−1 and ne-
glect the mechanical damping. The QLEs during the readout
pulse are: δa˙ = −κδa + iGrδb +
√
2κain, and δb˙ = iGrδa [35].
Following the same procedures as in the last section, we ob-
tain the temporal mode of the cavity output field, Aout(τr) =
B(τr)Ain(τr) + i
√
1 − B(τr)2b(0), where B(τr) = e−Grτr (0 <
B ≤ 1) and Gr ≡ G2r/κ. It is clear that Aout(τr) = ib(0) when
B(τr) → 0, implying that the mechanical state is perfectly
transferred to the optical mode (apart from a phase difference).
Therefore, the nonclassical features of the generated mechan-
ical state can be directly verified by measuring the properties
of the cavity output field.
We calculate the Mandel Q parameter [38], Q(α,m) =[
〈(Aout†Aout)2〉 − 〈Aout†Aout〉2
]
/〈Aout†Aout〉 − 1, which is de-
fined for an m-PACS |α,m〉 ≡ N b†m|α〉, with the normal-
ization constant N = [m!Lm(−|α|2)]−1/2, where Lm(x) is the
Laguerre polynomial of order m. In the present scheme, we
4have m = 1 and α = Z(τb)β. A negative value of Q(α,m)
represents the sub-Poissonian character of the state, reflect-
ing its non-Gaussian nature. It is known that Gaussian
states correspond to Poissonian or super-Poissonian statis-
tics [39]. For m = 0, Q(α, 0) = 0, corresponding to co-
herent states, while for α = 0, Q(0,m) = −1. The Q pa-
rameter can be calculated more conveniently using the fact
that 〈(Aout†Aout)2〉 = 〈Aout 2Aout† 2〉 − 3〈AoutAout†〉+ 1, and
〈α,m|bnb†n|α,m〉= (n+m)! Ln+m(−|α|2)/[m!Lm(−|α|2)]. Af-
ter straightforward calculations, we obtain 〈AoutAout†〉 =
B2 + 2(1− B2) L2(−|α|2)L1(−|α|2) , 〈Aout†Aout〉 = 〈AoutAout†〉 − 1, and
〈Aout 2Aout† 2〉 = 2B4 + 8B2(1−B2) L2(−|α|2)L1(−|α|2) + 6(1−B2)2
L3(−|α|2)
L1(−|α|2) ,
for the state |0〉c|α, 1〉m, i.e., the state generated after the write
pulse and a single photon being detected (see Fig. 1 (b)). In
Fig. 2 (a), we show Q(Zβ, 1) versus |β| for different values of
B(τr). Q(Zβ, 1) well below zero for small values of |β| is a
clear sign of the sub-Poissonian character of the state, and a
small value of B(τr) is preferred for seeing such a nonclassical
feature.
Another important property of the mechanical state |α, 1〉
is quadrature squeezing [26], which is a property that a me-
chanical Fock state [17, 18] does not possess. To demon-
strate this, we define the quadrature xθ of the cavity out-
put field, xθ = (Aouteiθ + Aout†e−iθ)/2, and if its variance
(∆xθ)2 = 〈x2θ〉 − 〈xθ〉2 is less than that of the vacuum state,
the quadrature xθ of the field is squeezed, implying that the
quadrature of the mechanical mode is squeezed. The expres-
sion of (∆xθ)2 can be obtained
(∆xθ)2 =
3−2B2+(1−B2)(ei2θα2+e−i2θα∗2)+2|α|2+|α|4
4
(
1 + |α|2)2 , (7)
(b)
(a)
(c) (d)
FIG. 2: (a) Q(Zβ, 1)
[
(b) 4(∆x pi
2
)2
]
vs |β| for different values of B(τr):
solid lines from bottom to top (top to bottom above the dashed line)
correspond to B = 0.01, 0.25, 0.5, 0.75, respectively. 1−B2 is the
state-swap efficiency of the readout pulse. The dashed line denotes
Q(Zβ, 0)=0
[
4(∆x pi
2
)2=1
]
for coherent states. (c)-(d) Contour plots of
4(∆xθ)2 versus some key parameters: B = 0.15 in (c) and θ = pi2
in (d). 4(∆xθ)2 = 1 corresponds to vacuum fluctuations. We take
τb = τr/4 = 10−8 s, and Gb = Gr/5 = 108 Hz κ (close to the param-
eter regime of [18]), which yield Z(τb) ' 0.98 and B(τr) ' 0.15.
(b)
(a)
FIG. 3: (a) Contour plot of the Q parameter versus |β| and n¯0. (b)
4(∆x pi
2
)2 versus |β| for different values of n¯0: solid lines from bottom
to top correspond to n¯0 = 0, 0.2, 0.45, respectively. We take θ = pi2 ,
Z(τb) = 0.98, and B(τr) = 0.15 as in Fig. 2.
which becomes (∆xθ)2 = 14 for B = 1, corresponding to the
vacuum state of the cavity output. In Fig. 2 (b)-(d), we display
4(∆xθ)2 versus some key parameters. It shows that θ = pi2 and
B(τr) → 0 (Bmin is bounded by τr  γ−1 and Gr  κ) are
optimal for observing quadrature squeezing, and considerable
squeezing below vacuum has been found in the cavity output
field as a result of the nonclassical phonon state.
Effects of residual thermal excitations. We now discuss
the effects of the residual thermal excitations n¯0  1 in
the coherent-state-preparation stage. That is to say, we pre-
pare a thermal coherent state (a thermal state displaced by
|β| in phase space) with nonzero phonon occupancy [18, 32].
Before applying the write pulse, the MR is in the state
ρth,c = (1−s) ∑∞n=0 snD(β)|n〉〈n|D†(β), with s = n¯0/(1+n¯0). For
n¯0 < 0.45, the MR is most likely (> 90%) either in the state
|0〉 or |1〉. We thus truncate the Fock state basis up to
n = 1, and ρth,c can be approximated as ρth,c ' (1−s)|β〉〈β| +
(1−s)sD(β)|1〉〈1|D†(β). This leads to the conditional state of
the MR (unnormalized) [35]
ρm(τb) ≈ b†|α〉〈α|b + s
(
|β|2b†|α〉〈α|b + Z2b†2|α〉〈α|b2
− β∗Z b†|α〉〈α|b2 − βZ b†2|α〉〈α|b
) (8)
after the write pulse and the detection of a single photon,
which contains the component of a two-PACS due to the
small probability of the initial state in |1〉m. By measuring
the cavity output of the readout pulse, we obtain the Q pa-
rameter, which takes the form Q = N−1Q
[(
1 + s|β|2)Q1 +
s
(
Z2Q2 − β∗ZQ3 − βZQ4)] [35], where Q j = tr[Q|0〉c〈0| ⊗
b† j|α〉〈α|b j
]
( j = 1, 2), Q3 = tr
[
Q|0〉c〈0| ⊗ b†|α〉〈α|b2
]
, and
Q4 = tr
[
Q|0〉c〈0| ⊗ b†2|α〉〈α|b
]
. The normalization constant
NQ = 1 + s(|β|2 + Z2 − β∗Z − βZ) is introduced to keep Q = 0
(−1) for coherent (Fock) states. Figure 3 (a) shows the effect
of the residual excitations on the Q parameter and no appre-
ciable effect is found in particular for small |β|. A similar form
of (∆xθ)2 can be derived [35], which is more sensitive to the
residual excitations, as shown in Fig. 3 (b). Nevertheless, for
small n¯0 significant sub-Poissonian character and squeezing of
the state are present, characterizing its nonclassical features.
We note that for |β| → 0, we also generate phonon-added
5thermal states of the MR. Such states also exhibit nonclas-
sical properties as is known from the corresponding studies
on photons [40].
In conclusion, we have presented a scheme to generate and
detect single-PACS of the mechanical motion in optomechan-
ical systems. It is designed for pulses and combines ground
state cooling, optomechanical parametric down-conversion
and beamsplitter interaction, and single photon detection. Our
scheme can also be applied to electromechanical systems and
opens promising perspectives for the generation of a series
of non-Gaussian states of a mechanical oscillator. While we
discussed phonon addition, the process of subtraction can be
carried out by using the red-detuned pump and by detecting a
single photon [41] for phonons prepared in arbitrary states.
This work has been supported by the Biophotonics ini-
tiative of the Texas A&M University and the National Key
Research and Development Program of China (Grant No.
2017YFA0304202). We also acknowledge support from
Foundation for Fundamental Research on Matter (FOM) Pro-
jectruimte grants (15PR3210, 16PR1054), the European Re-
search Council (ERC StG Strong-Q), and the Netherlands Or-
ganisation for Scientific Research (NWO/OCW), as part of the
Frontiers of Nanoscience program, as well as through a Vidi
grant (016.159.369).
[1] G. S. Agarwal, Quantum Optics (Cambridge University Press,
Cambridge, UK, 2013).
[2] M. A. Taylor and W. P. Bowen, Phys. Rep. 615, 1 (2016).
[3] Z. Y. Ou, Multi-Photon Quantum Interference (Springer, New
York, US, 2007).
[4] D. Bouwmeester, A. Ekert, and A. Zeilinger, The Physics of
Quantum Information (Springer, Berlin, Germany, 2000).
[5] S. L. Braunstein and P. van Loock, Rev. Mod. Phys. 77, 513
(2005).
[6] L. Pezze, A. Smerzi, M. K. Oberthaler, R. Schmied, and P.
Treutlein, arXiv:1609.01609.
[7] M. Aspelmeyer, T. J. Kippenberg, and F. Marquardt, Rev. Mod.
Phys. 86, 1391 (2014).
[8] D. W. C. Brooks et al., Nature 488, 476 (2012); A. H. Safavi-
Naeini et al., Nature (London) 500, 185 (2013); T. P. Purdy et
al., Phys. Rev. X 3, 031012 (2013).
[9] C. Fabre et al., Phys. Rev. A 49, 1337 (1994); S. Mancini and
P. Tombesi, Phys. Rev. A 49, 4055 (1994).
[10] E. E. Wollman et al., Science 349, 95 (2015); J. M. Pirkkalainen
et al., Phys. Rev. Lett. 115, 243601 (2015); F. Lecocq et al.,
Phys. Rev. X 5, 041037 (2015).
[11] K. Ja¨hne et al., Phys. Rev. A 79, 063819 (2009); A. Kron-
wald, F. Marquardt, A. A. Clerk, Physical Review A 88, 63833
(2013); G. S. Agarwal and S. Huang, Phys. Rev. A 93, 043844
(2016).
[12] T. A. Palomaki, J. D. Teufel, R. W. Simmonds, and K. W. Lehn-
ert, Science 342, 710 (2013).
[13] S. G. Hofer, W. Wieczorek, M. Aspelmeyer, and K. Hammerer,
Phys. Rev. A 84, 052327 (2011).
[14] K. C. Lee et al., Science 334, 1253 (2011); R. Riedinger et al.,
Nature 556, 473 (2018); C. F. Ockeloen-Korppi et al., Nature
556, 478 (2018).
[15] M. J. Woolley and A. A. Clerk, Phys. Rev. A 89, 063805 (2014);
J. Li, I. M. Haghighi, N. Malossi, S. Zippilli, and D. Vitali, New
J. Phys. 17, 103037 (2015).
[16] R. Riedinger et al., Nature (London) 530, 313 (2016).
[17] C. Galland, N. Sangouard, N. Piro, N. Gisin, and T. J. Kippen-
berg, Phys. Rev. Lett. 112, 143602 (2014).
[18] S. Hong et al., Science 358, 203 (2017).
[19] F. Khalili et al., Phys. Rev. Lett. 105, 070403 (2010); A. A.
Rakhubovsky et al., Phys. Rev. A 93, 033813 (2016).
[20] A. Nunnenkamp, K. Borkje, and S. M. Girvin, Phys. Rev. Lett.
107, 063602 (2011); S. Rips, M. Kiffner, I. Wilson-Rae, and M.
J. Hartmann, New J. Phys. 14, 023042 (2012).
[21] M. Paternostro, Phys. Rev. Lett. 106, 183601 (2011); M. R.
Vanner, Phys. Rev. X 1, 021011 (2011); J. Li, S. Gro¨blacher,
and M. Paternostro, New J. Phys. 15, 033023 (2013); U. Akram,
W. P. Bowen and G. J. Milburn, New J. Phys. 15, 093007
(2013); M. Miskeen Khan et al., Phys. Rev. A 94, 063830
(2016).
[22] Y. Chen, J. Phys. B 46, 104001 (2013); F. Fro¨wis, P. Sekatski,
W. Du¨r, N. Gisin, and N. Sangouard, Rev. Mod. Phys. 90,
025004 (2018).
[23] A. Bassi, K. Lochan, S. Satin, T. P. Singh, and H. Ulbricht, Rev.
Mod. Phys. 85, 471 (2013); J. Li, S. Zippilli, J. Zhang, and D.
Vitali, Phys. Rev. A 93, 050102(R) (2016); J. Zhang, T. Zhang,
and J. Li, Phys. Rev. A 95, 012141 (2017).
[24] S. Bose, K. Jacobs, and P. L. Knight, Phys. Rev. A 59, 3204
(1999); W. Marshall et al., Phys. Rev. Lett. 91, 130401 (2003);
O. Romero-Isart et al., Phys. Rev. Lett. 107, 020405 (2011); B.
Pepper et al., Phys. Rev. Lett. 109, 023601 (2012); H. Tan et
al., Phys. Rev. A 88, 023817 (2013); J.-Q. Liao and L. Tian,
Phys. Rev. Lett. 116, 163602 (2016); M. Abdi et al., Phys. Rev.
Lett. 116, 233604 (2016); U. B. Hoff et al., Phys. Rev. Lett.
117, 143601 (2016).
[25] The scheme for generating phonon-added coherent/squeezed
states was outlined: G. S. Agarwal, GRC conference, Mechan-
ical Systems in the Quantum Regime, Ventura, US, 2014.
[26] G. S. Agarwal and K. Tara, Phys. Rev. A 43, 492 (1991).
[27] A. Biswas and G. S. Agarwal, Phys. Rev. A 75, 032104 (2007).
[28] A. Zavatta, S. Viciani, and M. Bellini, Science 306, 660 (2004).
[29] G. S. Agarwal and S. Huang, Phys. Rev. A 81, 041803(R)
(2010).
[30] S. Weis et al., Science 330, 1520 (2010); A. H. Safavi-Naeini
et al., Nature (London) 472, 69 (2011).
[31] I. Wilson-Rae, N. Nooshi, W. Zwerger, and T. J. Kippenberg,
Phys. Rev. Lett. 99, 093901 (2007); F. Marquardt, J. P. Chen, A.
A. Clerk, and S. M. Girvin, Phys. Rev. Lett. 99, 093902 (2007);
C. Genes, D. Vitali, P. Tombesi, S. Gigan, and M. Aspelmeyer,
Phys. Rev. A 77, 033804 (2008).
[32] J. D. Teufel et al., Nature (London) 475, 359 (2011); J. Chan et
al., Nature (London) 478, 89 (2011).
[33] A. Mari and J. Eisert, Phys. Rev. Lett. 103, 213603 (2009).
[34] V. Fiore, Y. Yang, M. C. Kuzyk, R. Barbour, L. Tian, and H.
Wang, Phys. Rev. Lett. 107, 133601 (2011).
[35] See supplementary material for additional proofs.
[36] M. J. Collett and C.W. Gardiner, Phys. Rev. A 30, 1386 (1984).
[37] M. R. Vanner, M. Aspelmeyer, and M. S. Kim, Phys. Rev. Lett.
110, 010504 (2013).
[38] L. Mandel, Opt. Lett. 4, 205 (1979).
[39] See Ref. [1], Chapter 2, Eq. (2.20).
[40] G. S. Agarwal and K. Tara, Phys. Rev. A 46, 485 (1992); A.
Zavatta, V. Parigi, and M. Bellini, Phys. Rev. A 75, 052106
(2007).
[41] V. Parigi, A. Zavatta, M. Kim, and M. Bellini, Science 317,
1890 (2007).
